Abstract Quantitative relations between 02 uptake (V02), arterial-venous 02 content difference ((a-v)C02), and contact time (ta) were measured at rest and during exercise in 7 normal subjects, using a rebreathing technique. By injecting a known amount of pure 02 into a rebreathing circuit, the V02 was measured from the time interval during which the injected 02 volume was consumed. From the 02 and C02 concentrations in rebreathing air the gas exchange ratio (R), which was linearly related to the PC02, was determined. By using the slope of the R-P02 relation, the (av)C02 was evaluated from the slope of the C02 dissociation curve between the true-and oxygenated-venous PC02. These two venous PC02 were estimated from the R-P02 relation by use of the Haldane effect coefficient and by extrapolating it to the abscissa, where R =0. Furthermore, t~ was evaluated by inserting the above two venous PC0 2 together with the alveolar PC02 into a contact time equation. The mean (a-v)C0 2 and t~ had consistent relations to the V0 2 and (a-v)C02, respectively: 
relations between the t~, the (a-v)C02 and the V02 must be obtained to apply their theoretical results to the experimental analyses. MocHtzuKI et al. (1984) developed a reliable method for determining the (a-v)C02, Vo2, and Q from the 02 and C02 concentrations in rebreathing air. Furthermore, they (MocHlzuKI et al., 1987) developed a method for estimating t~ from the true and oxygenated venous PC02 (trPvC02 and oxPvC02) and alveolar Pco2 (PAco2). We attempted to clarify the quantitative relations between the parameters such as Vo2, Q, (a-v)C02, t~ and HEC, at rest and during exercise in normal subjects.
METHODS
First, from the 02 and C02 concentrations in rebreathing air, the gas exchange ratio (R) was computed (MocHlzuK! et al., 1984) , and then, the R-P02 line was evaluated at rest and during treadmill exercise. From the slope of the R-P02 line (0), and from the PC02 at which the R equals the HEC and zero, (a-v)C02, trP02, and oxPvC02 were determined. On the other hand, during rebreathing Vo2 was measured by injecting a known amount of pure 02 into a rebreathing bag, and then, Q was calculated by dividing V02 by the (a-v)C02.
Next, from the trPvC02 and oxPvC02 together with PAco2, t~ was evaluated according to MocHIzuK! et al. (1987) . Practical procedures will be described below in detail.
1) Experimental procedure. Measurements at rest were made in a standing position at least 2 h after a meal in 7 normal subjects, whose anthropometric data are shown in Table 1 . After 10 min of bed rest, the subject breathed air through a mouthpiece with a J -valve for 3 min. Then, he inspired ca. 1.51 of air from a rubber bag, and rebreathed at a rate of 30 min -1 and with a tidal volume of more than 11. The Vo2 during rebreathing was measured by the 02 injection method (MocHIzuK! et al., 1984) : From a 100-ml syringe connected to the rebreathing bag via a threeway cock, 90 ml of pure 02 was injected into the bag at the 10th expiratory period. The 02 and C02 concentrations in respiratory gas were continuously measured with Table 1 . Anthropometric data of subjects.
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a glow-discharge gas analyzer (San-ei, 1H02-4) (NITTA and MOCHIZUKI, 1969) . Sample gas was led into the analyzer from a portion in the rebreathing circuit close to a mouthpiece.
After the measurement at rest, exercise was performed on a treadmill (Tatebe, DR-5A-T) at 5 different levels of exercise, from Ex-1 to Ex-5 in Table 2 . First, the subject walked on a treadmill for 5 min and then started the rebreathing experiment. The amount of rebreathing air was increased at each step-increase of exercise by about 200 ml. During exercise, too, the Vo2 was measured by injecting pure 02 into the rebreathing bag. Since the Vo2 increases in exercise, the amount of the injected 02 was also increased with increasing work load. The capacity of the syringe used at rest was 100 ml, but it was increased to 200 or 300 ml according to the grade of exercise. Furthermore, as the decay of 02 concentration during rebreathing became steeper with increasing work load, the 02-injection time was preceded from the 10th expiratory period at rest to the 9th and 8th in the exercise of Ex-1 and Ex-2, respectively, and to the 7th expiratory phase in Ex-3 to Ex-5. The heart rate was continuously monitored with a digital plethysmograph. A series of experiments was repeated 5 to 7 times on different days.
2) Computation of the parameter values.
(1) (a-v) Cot: The (a-v) Cot receives the influence of not only the arterialvenous Pot difference but also the PAco2, due to the Bohr effect. The (a-v)Co2 usually decreases as the PAco2 approaches the trPv~o2 with a lapse of rebreathing time. KAGAWA and MoCHIZUKI (1987) designated the (a-v)Co2 at the PAco2, where the intracellular pH is equal to that in venous blood, as the standard (a-v)Co2, and denoted with (a-v)Co2*. Moreover, they calculated the (a-v)Co2* by the same method as MOCHIzuKI et al. (1984) :
where a'(Pm2) is the slope of the C02 dissociation curve at the middle between trPv~o2 and oxPvco2 (Pm2), and F(H) is a factor for correcting the ratio, oc'(Pm 2)/o, according to the (a-v)Co2*: For (a-v)Co2* <6.8 vol%:
and for (a-v)Co2* >6.8 vol%: Vol. 37, No. 2, 1987 F(H)=1-0.96 x 10-2 {(a-v)Co2*-7.2} .
To determine the F(H) from Eq (1) before measuring the (a-v)Co2 *, we presumed the (a-v)Co2* tentatively from the standardized relation between the (a-v)Co2* and V02 as given by:
(a-v)Co2* = 9.5 Vo20.35 , (vol%) .
The relation in Eq. (3) is a regression line of the measured data in the present study. Hitherto, the HEC in vivo has been considered to remain constant at a certain value such as 0.32 (KIM et al., 1966) . However, KAGAWA and MOCHIZUKI (1987) clarified that it usually ranged between 0.2 and 0.27 and decreased with an increase in (a-v) Cot * as given by:
at least in normal subjects in normoxia. The (a-v)Co2* of Eq. (4) was also calculated from the relation of Eq. (3). In reference to the HEC of Eq. (4) the trPvco2 was estimated from the R-P02 line. Furthermore, by inserting the middle between trPvco2 and oxPvco2 i.e., Pm2' into the following equation (TAZAWA et al., 1983) , the slope of the C02 dissociation curve, a'(Pm2) was evaluated as:
(2) Contact time: MoCHIZUKI et al. (1987) computed the relation between the amount of C02 diffusing out of the RBC and the Pco2 gradient across the RBC boundary from the numerical solution of simultaneous 02 and C02 diffusions. By dividing the C02 diffusion quantity by a product of the t~ and the time average of the Pco2 gradient during the contact time (dFco2), they derived the reaction (or diffusion) rate factor (Fc(C02)). Then, they attempted to estimate the t~ inversely by dividing the diffusion quantity by the product of the Fc(C02) and APco2. For the practical computation, they introduced a contact time equation, which was solved by inserting three experimental values of trPvco2, oxPvco2, and PAco2. First, they computed the ratio of (trPvco2 -PAco2) to d Pco2 (L) from the numerical solution. Then, the quotient of Fc(C02)/L was computed by referring to the standardized relation between trPvco2 and PAco2 ( Fig. 1) , as given by:
In a t~ range of 0.3 to 1.0 s, the Fc(C02)/L was approximated by a hyperbolic equation as
where the Pm1 is the middle between the trPvco2 and PAco2. The C(Pml) 
they derived ultimately the contact time equation : 2 The F(d P) was a linear equation of (trPvco2 -PAco2) as given by :
Thus, from the measured data on 02 and C02 concentrations in rebreathing air, we computed the Pmi and Pmt. By inserting them together with F(H), F(avCo2), and F(zl P) into Eqs. (8a) and (8b), t~ was evaluated.
(3) Q and capillary blood volume (Va): The Q (1 min) was obtained by dividing the J"02 (l'min-1) by the (a-v)Co2 (vol%)/100, and V~ (ml) was estimated by multiplying the Q x 1,000/60 (ml • s-1) by t~ (s).
All the parameter values were computed by use of a computer, DEC-VAX-11/750.
F(avCo2) and F(dP) are factors for correcting the P02-dependency of (a-v)C02 and the linearity of experimental R-P02 line, respectively. The a'p is the C02 solubility in plasma fraction, being 0.0377 vol% • Torr-1. The F(avCo2) was given by :
RESULTS
In the steady state breathing prior to the rebreathing, the heart rate (HR) and the minute ventilation volume (VE) were measured in a standing position, together with the Vol. The relationships between HR and Vo2, and VE and Vo2 measured in the 7 subjects are summarized in Fig. 1 A and B, respectively. The mean + S.D. of the Vo2 at rest was 0.28 3 + 0.063 l(STPD) ' min -1, where the HR was 77±7 mm As shown in Fig. 1A , the HR increased almost linearly with an increase in Vo2, except for one subject. The regression line was given by
where the correlation coefficient was 0.84. The HR during exercise of Ex-5 was 128 + 15 min -1, where the Vo2 was 1.9 + 0.26 l(STPD) • min -1. On the other hand, the VE at rest was 7.2 + 0.9 l(STPD) • min -1, attaining to 34.3±4.4 l(STPD) • min -1 at the exercise level of Ex-5. The relationship between Vo2 and VE was given by the following experimental equation:
The correlation coefficient between both logarithms was 0.98. Since the exercise levels tested were all submaximal, both the HR and VE increased almost linearly with an increase in Vo2. These relationships were similar to those reported by EKBLOM et al. (1968) and HERMANSEN et al. (1970) . Next, we estimated the PA~o2 at rest from the measured R in a steady state breathing by referring to the R-P02 line obtained in the successive rebreathing experiment. Figure 2 shows the relation between the PA~o2 thus obtained and the Japanese Journal of Physiology Fig. 1 . The relationships between heart rate (HR) and Vo 2 (A), and ventilation volume (VE) and Vo2 (B) in steady state breathing at rest and during treadmill exercise. trPv~o2, together with that between the oxPv~o2 and trPv~o2. These data were obtained in a sitting position. To obtain only the relation between the trPv~o2 and PAco2, the bed rest lasting about 10 min before the measurement was abbreviated in some experiments. Therefore, the trPv~o2 and PA~o2 were a little higher than those in later measurements as seen in Table 3 
where the correlation coefficient was 0.99. The PA~o2 in Fig. 2 is lower than the endtidal P~o2, because the R in steady state breathing is lower than in rebreathing. Figure 3 shows the relationship between the (a-v)Co2* and Vo2 in a standing position at rest and during treadmill exercise. The mean and S.D. of resting Vo2 and (a-v)Co2* were 0.32 + 0.05 l • min -1 and 6.44 + 0.69 vo1%, respectively. At the exercise of Ex-5, the Vo2 was in a range of 1.5 to 21 • min -1 and the (a-v) Cot * was in a range of 10 to 13 vol%. The mean regression line of (a-v)Co2* against the Vo2 is shown by the chain line in Fig. 3 , which was given by Eq. (3). The correlation coefficient between both logarithms of (a-v)Co2* and Vo2 was 0.904. The relation of Fig. 3 is fairly compatible with the experimental data obtained by AsTRAND et al. (1964) . Figure 4 shows the relation between the trPv~o2 and (a-v)Co2*, where the (av)Co2* was calculated from Eq. (3) using the Vol. The regression line was given by 
where the correlation coefficient was 0.89. The above consistent relation was used as the standard conditions to simplify the calculation of F(avCo2) . The trPv~o2 value at rest was 42.4 Torr on the average, which seemed to be somewhat low. The same measurements were also made in supine and sitting positions. Table 3 shows the trPv~o2 and other related parameters in the three different positions. The trPv~oz increased in the order of standing, sitting, and supine positions. In a supine position, it was 44.3 + 0.9 Torr, which was significantly higher than that in a standing position, 42.4 + 0.5 Torr. Such a tendency may be ascribed to the change in the ventilation volume (VE) caused by the change in the position, since J' showed no great difference. The end-tidal P~02 during steady state breathing (PETcoz) also increased in the same order. In a standing position it was 36.7 + 0.6 Torr. It increased to 38.7 + 0.8 and 40.0 + 0.7 Torr in sitting and supine positions, respectively. On the other hand, VE decreased in the same order. It Vol. 37, No. 2, 1987 The Vo2, (a-v)Co2* Q, t~, and V~ at rest were also measured in three supine, sitting, and standing positions, as shown in Table 4 . The Vo2 was fairly independent of the posture. However, (a-v)Co2* significantly increased in the order of supine, sitting, and standing positions. By contrast, Q, t~, and V~ decreased in the same order.
As suggested from Eq. (3), the Q obtained by dividing the J'02 by the (av)Co2* has such a relation as shown by the chain line in Fig. 5 , which was given by Q =10.52 • Vo2o.65 , (l • min -1) .
The correlation coefficient between both the logarithms of Q and Vo2 was 0.973. Equation (13) states that the mean Q at J02= 1 l • min -1 is 10.52 l • min -1. The data of Fig. 5 are similar to those measured by the direct Fick or dye dilution method (BEVEGARD et al., 1963; AsTRAND et al., 1964; TABAKIN et al., 1964 ; EKELUND and Japanese Journal of Physiology HOLMGREN, 1967; HERMANSEN et al., 1970) . Figure 6 shows the relation between the t exercise, where the mean regression line was equation:
and (a-v)Co2* at rest and during given by the following hyperbolic Japanese Journal of Physiology Q in a standing position at rest and during 
The correlation coefficient between the two logarithms was 0.921.
The V~ calculated from the Q and t, ranged from 55 to 66 ml in a standing position at rest, which increased to 80 to 120 ml during exercise of Ex-5. Figure 8 shows the relationship between the V~ and Q. The regression line was expressed as
where the correlation coefficient between the logarithms of V~ and Q was 0.861.
DISCUSSION
As described in the preceding papers MOCHIZUKI et al., 1987) , the correcting factor for HEC (Eq. (4)), F(avCo2) (Eq. (9)), and F(H) (Eq. (2a) and (2b)) were derived from the two relations between (a-v)Co2* and J.2 (Eq. (3)) and between t~ and (a-v)Co2* (Eq. (16)). Of the above three correcting factors, the most sensitive factor to the experimental relation between t~ and (a-v)Co2* was the F(H). As shown in the previous paper (Fig. 10 , KAGAWA and MoCHIZUKI, 1987) , the F(H) is a function of t~ and (a-v)Co2*. Thus, it was impossible to evaluate Eqs. (2a), (2b), and Eq. (16) used for determining the F(H), simultaneously, with no other experimental data to refer to. In reality, Eqs. (2a), (2b), and (16) were determined through a trial-and-error method, referring to the t~ values measured by UCHIDA et al. (1986) . Subsequently, the relations between (av)Co2* and J in Fig. 3 and between Q and Vo2 in Fig. 5 were successively determined by use of the F(H). As already mentioned, the data of Figs. 3 and 5 are well compatible with those measured by other authors. Therefore, the F(H) given by Eqs. (2a) and (2b) may be valid at least in the normal subject. The correction by the F(H) in Eq. (1), on the other hand, becomes necessary only when the (a-v)Co2* is higher than 8 vol%, as seen in Fig. 11 of the previous paper . At the resting state, where the (a-v)Co2* is less than 8 vol%, the F(H) can be approximated to be 1.0. Thus, the F(H) of Eqs. (2a) and (2b) may also be applicable to diseased subjects, insofar as the (a-v)Co2* at the resting state is concerned.
The basic assumption underlying the t~ measurement is that (1) the C02 equilibrium is not attained during the contact time, and that (2) the C02 permeability across the capillary wall is so great as to be disregarded in comparison with that across the RBC boundary. If the blood CO2 is completely equilibrated with alveolar Pcoz, the venoarterial CO2 content difference would depend only on both the P~oz of alveolar air and venous blood, and not on the contact time. Thus, it becomes impossible to estimate the t~ inversely from the venoarterial CO2 difference. Next, provided that the capillary wall is, more or less, resistive to the CO2 diffusion, the Fc(CO2)/L of Eq. (7a) must be calculated again from a new numerical solution which is solved by taking the resistance across the capillary wall into account. Otherwise, the real t~ value cannot be evaluated from the contact time equations. Therefore, the experimental fact that the t~ obtained from Pm, and Pm2 through Eqs. (7b)-(7e) was compatible with that determined from the DL(CO) seems to suggest conversely that the resistance across the capillary wall can be ignored at least in the normal lung.
WAGNER ( 1977) ascribed the slowness of CO2 equilibration to the slope of the CO2 dissociation curve. However, the main cause of the slow equilibration seems to be low permeabilities of Oz, C02, and HCO3 -through such small pores as 9 A or so in diameter of the RBC membrane (SoLoMON, 1968) . NICOLs0N and RoUGHTON (1951) expressed the permeability across the RBC membrane by using a ratio (i) to that in the RBC interior, namely, by 2 . a . D/5, where a, D, and b are the solubility and diffusion coefficient of gases and a half of the thickness of the RBC, respectively. In a disc model, the diffusion in a radial direction must also be taken into account. Thus, we have hitherto used the transfer coefficient (rj, MoCHIzuKI, 1975) instead of 2 • a . D/b. The measured for Oz, fl(O2) was 2.5 x 10-6 cm s -• Torr 1 (MOCHIZUKI, 1966; KAGAWA and MocxizuKi, 1982) which corresponded to 1.44 • a . D/b. On the other hand, the ~i for C02, rj(CO2), determined by NnzEKI et al. (1983 NnzEKI et al. ( , 1984 and KAGAWA and MoCHIzUKI (1984) was 2.5 x 10-6 cm s -1 Torr-1. UCHIDA et al. (1983) estimated the D for CO2 to be 0.34 x 10-5 cm2 s-1. Taking the a for CO2 to be 0.58 x 10-3 Torr-1 according to VAN SLYKE et al. (1928) , the 2 for CO2 becomes 0.13, or 1/10 of the 2 for 02.
Thus, we attempted to analyze the discrepancy in 2 between Oz and CO2 by taking a probabilistic model (BRULEY, 1980 ) into account, as described below. The experimental fact that r~(CO2) = j(O2) suggests that the diffusion rate across the RBC membrane is proportional to the gradient of pressure rather than that of dissolved gas content. The ?7 is originally defined by the diffusion quantity at the unit pressure gradient. Let n and /i be the number of colliding molecules per s per cm2 at the unit partial pressure and the probability that one gas molecule penetrates through the membrane, respectively. The ij may be expressed by /i . n, or = n. Because the partial pressure is given by the product of the momentum and the number of colliding molecules, the n is inversely proportional to the momentum (m • V), or n =1 /(m • 17). Thus, from the data, i (CO2) = r~(O2), it is realized that the /i is proportional to the m • V, or inversely proportional to the n. Namely, the probability for a gas molecule to permeate such a small pore as that in the RBC membrane seems to be in proportion to the momentum as given by ./i~m• V.
(19) In other words, insofar as the proportionality of Eq. (19) holds, all the values of 02, C02, and CO become equal to each other, and the ) of high soluble gas becomes lower than that of low soluble gas.
The slowness of the C02 diffusion is, furthermore, caused by the rate of the HC03 -shift. The rate of HC03 -, ranging between 130 and 150 ms in half-time in RBC suspension (NIIzuu et a!., 1984) , was obviously slower than the C02 diffusion, where the half-time was in a range of 66 to 85 ms . The slowness of the HC03 -shift may probably be attributed to some frictional effects of electrical charge and water molecules bound with the ions. The transfer coefficient of HC03-, or the permeability was in a range of 5-7 x 10-4cm•s-1, which is compatible with the measured values of KLOCKE (1976) and CHOW et al. (1976) . To date, the C02 diffusion through the RBC membrane has been believed not to limit the pulmonary gas exchange under normal conditions (FORSTER,1968; WAGNER and WEST, 1972) . However, since the C02 diffusion also occurs secondarily following the HC03 -shift , the diffusion process becomes so slow that the contact time can be estimated, as seen in Fig. 6 .
The mean and S.D, of Q in the 7 subjects were 4.84 + 0.50 l • min -1 in a standing position at rest, which increased to 14.56 + 1.13 l • min -1 during exercise of Ex-5. The relationship between Q and Vo2 was expressed by an exponential equation, Eq. (15). The relation between Q and Vo2 has so far been expressed with a linear regression line. However, since the Q at rest significantly deviated downwards from the linear relation, the correlation between Q and Vo2 in (15) and (20) with each other, we first calculated the theoretical Q (Qth) by setting the measured Vo2 into the above two equations, and then, computed the differences between two Qth and the experimental Q (Q ). Finally, two distributions of (Qex -Qth) values were compared with each other. Because the intersubject variability was greater than the (Qex -Qth) in a Qex region higher than 0.7/mm • n -1, we compared the distributions at the resting state. When Eq. (15) was used, the mean + S.D. of (ex -Qth) was 0.03 + 0.47l • min -1. However, when Eq. (20) was used, it was -0.47± 0.50/min'.
• -The mean Q at rest was about 5 l • min -1. Thus, the linear approximation of the regression line will give rise to an error of about 10% in Q at rest. A similar tendency was also observed in the experimental data of REEVES et al. (1961) , ASTRAND et al. (1964) , DAMATO et al. (1966), and HERMANSEN et al. (1970) . Therefore, as far as the Q in a standing position is concerned, the exponential expression seems to be advantageous.
The mean and S.D. of t~ in the 7 subjects were 0.75 + 0.05 s in a standing position at rest, which were shortened to 0.36 + 0.04 s during the exercise of Ex-5. ROUGHTON (1945) reported that the t~ measured from the CO uptake rate was 0.73 + 0.30 s at rest and 0.34+ 0.1 s during hard work at the Q of 16.0 to 18.5 l • min -1. JOHNSON et al. (1960) reported that the t~ estimated from DL(CO) was 0.79 s at rest and ranged between 0.4 and 0.6 s during exercise at the Q of 15 to 181 • min-1. Furthermore, UCHIDA et al. (1986) The mean and S.D, of V~ in the 7 subjects were 61 + 6 ml at rest, which increased to 95±8 ml during the exercise of Ex-5, indicating that recruitment and/or dilatation of the pulmonary capillary occurred.
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